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Introduction
Polymer properties can be modified by incorporating covalently bound side groups. The classic book by Platé and Shibaev 1 describes how flexible polymers are stiffened by a high concentration of alkyl side groups covalently bonded to the polymer backbone to form comb shape polymers. The stiffening is induced by the excluded volume effects of the flexible side groups. More rigid mesogenic side groups can also be covalently bonded to the flexible backbone to induce rigidity. 2 On the other hand, covalently bonded side groups can also be used to plasticize the polymer, i.e., to reduce its glass transition temperature. This phenomenon is particularly important when the polymer backbone is rigid. For example, polythiophenes and polyanilines are semirigid polymers, therefore being infusible and nonsoluble to common solvents due to their limited conformational entropy. Using covalently bonded alkyl side groups typically of length 6-16 CH 2 units, they can be plasticized to increase solubility and fusibility. [3] [4] [5] In these cases also mesomorphic structures are reported. Similar behavior has been observed in a wide class of other alkyl-substituted rigid rod polymers. [6] [7] [8] Recently it has been reported that interesting properties can also be obtained by using strongly associating surfactants. Semirigid polymers such as polypyrrole and polyaniline can be rendered mesomorphic when suitable surfactants with long alkyl chains are complexed. [9] [10] [11] In this case intractable polyaniline can be rendered soluble or fusible with an alkyl containing surfactant 10, 12 with a reduced glass transition temperature. 13 Also more special surfactants can be used, not containing alkyl chains: polyaniline (PANI) complexed with camphor sulfonic acid (CSA) yields exceptionally high solubility and liquid-crystalline structures in mcresol. 14 Recently it has been suggested that the synergistic phenomena of phenols with PANI (CSA) are due to the molecular recognition phenomena where m-cresol forms simultaneously both a hydrogen bond and a phenyl/phenyl interaction with the PANI (CSA) complex due to the steric fit. 15 Motivated by biochemical systems, the more complete molecular recognition scheme is demonstrated for PANI in the case of resorcinol in combination with sulfonic acid doped PANI. 16 In the case of more flexible polymers, polyelectrolyte/ surfactant complexes have been studied only very recently. Poly(styrenesulfonate sodium salt) complexes with different types of cationic surfactants yield mesomorphic behavior in bulk. [17] [18] [19] Poly(vinylpyridine) protonated by anionic surfactant dodecylbenzenesulfonic acid (DBSA) is mesomorphic in bulk and in xylene solution 20 which is a good solvent for the alkyl side chains. The xylene solvent induces considerable stretching of the alkyl chains, as suggested theoretically by Fredrickson. 21 Coordination complexation can also yield mesomorphic structures as demonstrated by zinc dodecylbenzenesulfonate, i.e., Zn(DBS) 2 , in combination with P4VP. 22 Here we want to address some key parameters governing the formation of self-assembled polymer/ surfactant structures. Specifically, we will concentrate on the influence of the strength of the polymersurfactant interaction and the length of the alkyl tail of the surfactant. For covalently bound side chains, the bonding is permanent (of the order 100 kcal/mol). In this case, whether or not mesomorphic structures are obtained depends on the various parameters involved in a manner that is well described by conventional block copolymer theory. The situation changes when the side chains are bonded only by secondary bondings: if the bond is too weak, it may energetically be more favorable to render macroscopic phase separation between the surfactant and the polymer. But even if macroscopic phase separation does not occur, a homogeneously mixed situation may be favored over self-organized structures that require considerable side-chain stretching. In the case of ionically bound surfactants, the expected strength of the interaction is high as is the polar-nonpolar repulsion, and mesomorphic behavior occurs almost invariably. In these cases, the presence of charges can strongly influence the morphology due to ionic clustering. 23 If one eliminates all charges and reduces the interaction strength, a situation arises with two essential differences: first, the system is no longer of a polyelectrolyte nature, and second, the dynamic aspects of the polymer/surfactant enter the picture. The surfactant/ polymer complexation cannot be regarded as permanent, but bonds are continuously broken and re-formed. Therefore, if mesomorphic structures occur at all in this case, and we know that they do in some cases, [24] [25] [26] the morphology may be different from the strong bonding limit. A typical hydrogen bond has the strength of the order of a few kcal/mol which is 1 or 2 orders of magnitude less than that of an ionic or covalent bond. When the interaction is still further reduced, the surfactant and the polymer will ultimately macrophase separate. For intermediate strength interactions, a homogeneous state prevails. This homogeneous state may still show a distinct SAXS peak due to characteristic block copolymer-like concentration fluctuations, but this will obviously depend on the average hydrogen-bond lifetime. 27 This paper discusses experiments involving different classes of surfactants capable of hydrogen bonding with poly(vinylpyridine). Depending on the nitrogen atom position, two isomeric forms of poly(vinylpyridine) are used: poly(2-vinylpyridine) (P2VP) with T g ) 104°C and poly(4-vinylpyridine) (P4VP) with T g ) 148°C. Both are soluble and fusible and, therefore, differ essentially from semirigid polymers, such as polyaniline or poly-(2,6-dimethyl-1,4-phenylene). Most results will refer to P4VP because of the favorable position of the basic nitrogen. The functional groups of the surfactants investigated are aromatic alcohols, i.e., phenols, carboxylic acids, aliphatic alcohols, and aliphatic amines. The phenolic surfactants are somewhat acidic with pK a ) 10 due to the aromatic ring whereas aliphatic alcohols are nonacidic with pK a ) 15-17. Carboxylic acids are further examples of acidic surfactants which, however, show strong intermolecular association. The results are compared to the behavior seen for the strong acid DBSA which has an ionic interaction with P2VP and P4VP, 20 its zinc salt, i.e., Zn(DBS) 2 forming a coordination complex with P4VP, 22 and the 3-pentadecylphenol (PDP) complexes with P4VP based on hydrogen bonding and reported in our recent publication. 24 Theoretical arguments explaining the intricate phase behavior of P4VP-PDP, notably the decrease of the long period of the lamellar structure as a function of the amount of PDP, have been discussed. 24, 28 We will start our discussion with a brief analysis of the essential parameters involved in the formation of mesomorphic structures. Then the numerical estimates of the interaction strengths between P4VP and the different surfactants will be presented. Together, these will form the basis on which to discuss and explain our experimental results.
Experimental Section
Materials. The atactic P2VP and atactic P4VP were acquired from Polyscience Europe GmbH. The molar masses of P2VP (Mv ) 330 000 g mol -1 ) and P4VP (Mv ) 49 000 gmol -1 ) were determined by viscometry in DMF using 29 [η] ) 1.47 × 10 -4 Mv 0.67 and in absolute ethanol using 30 [η] ) 2.5 × 10 -4 Mv 0.68 , respectively. 3-Pentadecylphenol (PDP) was purchased from Aldrich, and 1-dodecyl 3,4,5-trihydroxybenzoate, i.e., lauryl gallate (LG), from Nipa Industries. All other surfactants were obtained from Fluka. All surfactants are of highest available purity. Ethanol, DMF, and chloroform were of analysis grade. All solvents used were carefully dried by 3 Å molecular sieves.
Sample Preparation. P4VP and P2VP were first dried at 60°C in vacuum for 2 days. Also the surfactant materials were dried at 60°C in vacuum at least 1 day. P4VP-(surfactant)x and P2VP(surfactant)x complexes were prepared from DMF solutions, unless otherwise stated. Here x denotes the number of surfactant molecules per vinylpyridine repeat unit. We will consider mostly the nominally fully complexed case, i.e., x ) 1.0. In each case, the surfactant and the solvent were first mixed together until a clear solution was obtained. P4VP or P2VP was subsequently added, followed by mechanical stirring for approximately 1 h at a 60°C. The concentrations were kept low (less than 2.5 w/w %) to ensure homogeneous complex formation. DMF or other solvents were first evaporated on a hot plate at 70°C. Whenever chloroform was used, the stirring was performed at room temperature due to the rapid evaporation. The complexes were further dried at 60°C in vacuum at least for 2 days and thereafter stored in a desiccator.
Small-Angle X-Ray Scattering. A sealed fine-focus Cu X-ray tube was used in a point focusing mode. The Cu KR (λ ) 1.542 Å) radiation is monochromatized with a Ni filter and a totally reflecting glass block (Huber small-angle chamber 701). The scattered radiation is detected in the horizontal (beam width) direction by a linear one-dimensional proportional counter (MBraun OED-50M). The space between sample and detector is evacuated to 0.05 mmHg using 13 µm polyimide foils as X-ray windows. The beam height is limited by two horizontal slits with approximately 1 mm aperture, one before the sample and another in front of the detector. Also, a narrow vertical slit is placed before the sample to reduce background scattering. The fwhm of the beam width is below 0.002 Å -1 and the instrumental function in the vertical direction, due to beam height and detector height profiles, is determined to have fwhm ) 0.048 Å -1 . Owing to this, no correction for the experimental smearing is necessary in the current analysis. The small-angle scattering was recorded at various temperatures.
Wide-Angle X-ray Scattering. Transmission diffraction measurements were performed on pressed pellets having a thickness of 1 mm and diameter of 20 mm, at 20°C under atmospheric conditions. The measurements were predominantly made with a Seifert ID 3000 diffractometer using monochromatic Mo KR (λ ) 0.7096 Å) and a scintillation counter. The P4VP(carboxylic acid)1.0 complexes were measured by another vertical diffractometer 31 using Mo KR radiation monochromatized with a Si(220) monochromator in the incident beam and a solid-state (SSD HP Ge) detector. The air scattering was reduced by enclosing the sample in a vacuum chamber. The magnitude of the scattering vector k was calculated from the scattering angle 2θ using the relation k ) 4π sin θ/λ. Infrared Spectroscopy. Infrared spectra were obtained using a Nicolet 750 FTIR spectrometer. Samples were prepared from chloroform or DMF solution on potassium bromide crystals. All measurements are taken at room temperature.
Computational Methods. The bonding energy between an individual chain of P4VP and one surfactant molecule was calculated using Insight software by Biosym Technologies. 32 To simplify calculations, the polymer chains were limited to consist of only three monomer units with methyl group termination at both ends to suppress the chain end effects. All surfactants were modeled containing the particular functional group in combination with an alkyl tail of four methyl units.
Results and Discussion

Theoretical Considerations.
In dealing with polymer-surfactant systems, various types of "phase" behavior can be anticipated. Within the highly viscous fluid state, at least four different regimes can be defined: (I) microphase separated mesomorphic state; (II) homogeneous state showing a distinct SAXS peak; (III) homogeneous state without a clear SAXS peak; (IV) macrophase separated state.
The difference between II and III depends on the characteristic relaxation times, i.e., the average lifetime τ b of a hydrogen bond and the relaxation time τ f of the characteristic concentration fluctuations of the comblike block copolymer structure. If τ b is of the order of τ f or larger, the comblike structure is permanent on the time scale of the relevant concentration fluctuations and a characteristic block copolymer-like SAXS peak will be present. [33] [34] [35] In the case of sufficiently strong association, regime I or II is found depending on the alkyl length and the polar-nonpolar alkyl-polymer complex repulsion. 36 We will demonstrate that all four possibilities actually occur for the surfactants under consideration.
Before presenting the experimental results, we first discuss briefly the essential parameters involved. In ref 28 , the case of a microphase-separated lamellar structure, as illustrated in Figure 1 , was analyzed in terms of the parameter x representing the number of surfactant molecules per polymer segment. The free energy of this type of structures contains three contributions, the stretching of the side chains, the interface interactions, and the polymer confinement. These last two terms are actually incorporated in a single interface free energy term. Minimization of the free energy for a given value of x demonstrated that the surfactant layer thickness 2L is almost invariant, whereas the polymer layer thickness D is proportional to 1/x. The reason can be easily understood. A decrease in the polymer layer thickness increases the amount of interface, but the interfacial tension remains the same. Therefore, in response to an increase in the amount of surfactant, the system increases its interface in the same proportion. As a consequence, the long period is predicted to decrease as just as observed experimentally for the P4VP(PDP) x system. From the results presented in ref 24 , it is straightforward to derive the following expression for the free energy per unit volume of the lamellar structure:
where n is the number of side chain segments, the Flory-Huggins interaction parameter describing the side chain-polymer interaction, and a 3 the volume of a segment. If it is assumed that the surfactant-polymer interaction has to offset at least this increase in free energy, we obtain
The analysis is admittedly crude but does demonstrate that longer surfactant molecules require stronger surfactant-polymer interaction to sustain mesomorphic structures, the basic reason being the increase in stretching free energy. In reality, we do not believe that the structure is as perfect as sketched in Figure 1 . We expect at least some of the polymer chains to transverse from one layer to another. Also, other structures than lamellar are possible. These observations do not invalidate, however, the general conclusion drawn from eq 3.
To compare the hydrogen-bonding ability of the surfactants involved, these interaction strengths were estimated numerically by using simple models, where a P4VP model compound (B) consisting of three repeat units is complexed with model surfactants (A) with alkyl tails of four methyl units. The energy gain due to complexation between A and B can be calculated by ∆E
The structure consisting of one surfactant model molecule A and polymer model molecule B is first optimized to obtain their association energy E AB . Similarly E AA is calculated for two surfactant model molecules. The same method can be used to calculate E BB for two polymer molecules. However, because in the calculation of ∆E, E BB is a constant factor for all the cases involved, it is not really required. To gain more accurate results, the whole chains with their conformational entropy and even their packing should be considered, which is clearly a laborious task. With our simplified scheme, we do obtain a rough relative scale of the interactions by comparing the values of E AB -1 / 2 E AA . The results are presented in Table 1 . It suggests that the hydrogen-bonding capability decreases in the order phenol, carboxylic acid, aliphatic alcohol, amine. The table further shows that carboxylic acids have large intermolecular association, thus reducing the net interaction. However, as we have argued, the lifetime of a hydrogen bond is an essential parameter and the calculations indicate that this time will be considerably larger for the alkyl carboxyl acid surfac- 
tants than for the alkyl aliphatic alcohol surfactants. Trihydroxybenzoate has the largest interaction energy with P4VP but its intermolecular association is also strong. In fact, as will become clear, the trends predicted by these calculations are in full agreement with the experimental findings to which we will turn now.
Experimental Results. FTIR is used to investigate the hydrogen bonding of surfactants to poly-(vinylpyridine)
. Previously, hydrogen bonding of OH group containing polymers to poly(vinylpyridines) have been investigated. [37] [38] [39] Hydrogen-bonded alcohols 40 and poly(ethylene-co-methacrylic acid) 41 show that hydrogenbonding shifts the bands related to the stretching modes of the pyridine ring, i.e., 1590 and 993 cm -1 for P2VP and 1597 and 993 cm -1 for P4VP, to higher frequencies due to formation of stronger bonds. In the following the emphasis is on these bands.
Aromatic Alcohols: Alkylphenol Surfactants. Figure 2 summarizes as a reference for the discussions to follow our previously obtained FTIR data at the 1600 cm -1 band for P4VP nominally fully complexed with three different types of surfactants, each having different types of interactions and each yielding mesomorphic structures: 3-pentadecylphenol (PDP), 24 Zn(DBS) 2 , 22 and DBSA. 20 A strong acid such as DBSA is capable of protonating, i.e., quaternizing the pyridine ring to form a pyridinium ring. In this case the acidic proton of DBSA is completely transferred to the pyridine ring. The interaction has strongly ionic character between the positively charged pyridinium ring and negatively charged sulfonate anion. Therefore, a polyelectrolyte is obtained. The strong bonding is manifested in FTIR: in pristine P4VP the pyridine ring has a stretching band at 1597 cm -1 . Upon nominally full complexation, this band is observed to shift to 1637 cm -1 corresponding to the formation of a pyridinium ring. In conclusion, a large shift of 40 cm -1 is observed. In the case of Zn(DBS) 2 , a coordination complexation is observed, 22 the corresponding shift being only 20 cm -1 to 1617 cm -1 , suggesting a weaker bonding. In particular, a charged pyridinium ring is not formed. The same observation is valid also for PDP in which case a hydrogen bonding between the basic pyridine of P4VP and OH group of phenol yields only a small shift to 1603 cm -1 . 24 In the latter case, due to the overlapping peaks, the 1600 cm -1 band does not easily allow conclusions whether a full complexation is achieved. However, the 993 cm -1 band is observed to shift completely to 1008 cm -1 which shows that by application of 1 mol PDP vs 1 mol P4VP repeat units, a full complexation is achieved.
3-Pentadecylphenol.
The hydrogen bonding between the phenol group and P4VP has been shown to be sufficiently strong to yield mesomorphic structures of P4VP(PDP) x at room temperature. At elevated temperatures, a SAXS peak is still present, but the system is actually homogeneous. 27 The peak, well-known for ordinary block copolymers, is also here due to the block copolymer-like structure of the polymer-surfactant complexes. Furthermore, SAXS measurements show that, being noncharged, i.e., nonpolyelectrolyte, conceptually different structures in P4VP(PDP) x are obtained at low degrees of complexation compared to the charged systems P4VP(Zn(DBS) 2 ) x and P4VP(DBSA) x . 24 Lauryl Gallate. To investigate the effect of several hydroxyl groups in the phenol moiety of the surfactant and to potentially achieve even more hydrogen bonding, lauryl gallate (LG) was selected. It is a crystalline material with a melting point of 97°C. Figure 3a shows that the 993 cm -1 stretching band of the pyridine ring is completely shifted to 1010 cm -1 for P4VP(LG) 1.0 , indicating essentially complete complexation. Figure 3b shows that also the 1597 cm -1 band is shifted to higher wavenumbers upon hydrogen bonding. Reducing x from 1.0 to 0.5 has only very little influence on the spectra, demonstrating that LG is indeed capable of hydrogen bonding with more than one pyridine group at the same time. LG came as a big surprise. Previously, we observed exactly the opposite behavior in the case of PDP. This latter behavior with respect to the long period of the microphase-separated structure as well as for the wavelength of the dominant fluctuation in the homogeneous state above the orderdisorder transition is exactly what is predicted for comb polymers as a function of the number of combs. Also there the periodicity decreases for increasing number of combs, essentially due to a decrease in lateral size of the polymer backbone. 36 For P4VP-PDP this was briefly discussed in section 3.1. We attribute the unexpected behavior of P4VP-LG tentatively to the multi functionality of LG, giving rise to physical cross links and therefore to different structures. For P2VP the situation is similar with a layer thickness of 34.1 and 31.7 Å for x ) 1.0 and 0.5, respectively. The layer thicknesses are slightly smaller than for P4VP, as might be expected.
No clear crystalline WAXS peaks are visible, so the birefringence is not due to crystallization. Furthermore, the SAXS results at room temperature are very similar to those in the melt below 80°C not presented here. Also in the melt the samples are birefringent. Since, a SAXS peak in itself is insufficient evidence for a mesomorphic structure, the observed birefringence at room temperature and in the melt is essential for the conclusion that both P4VP-LG and P2VP-LG are microphase separated (preliminary results indicate an order-disorder transition around 80°C for P4VP-(LG) 1.0 ).
Alkylcarboxylic Acid Surfactants. Alkyl carboxylic acids have been selected as further examples of moderately acidic surfactants. As compared with the alkyl phenols with the OH group attached to the phenyl groups, alkyl carboxylic acids are compounds where the phenyl group has been replaced by a carbonyl CO group. Complexes were made with P4VP using dodecanoic C 11 H 23 COOH (DDA), hexadecanoic C 15 H 31 COOH (HDA), and nonadecanoic C 18 H 37 COOH (NDA) acids, each of which is crystalline. Their melting points are 44.2, 63.1, and 68.6°C, respectively. Figure 6a ,b shows that upon addition of 1 mol of dodecanoic acid vs P4VP repeat units, the pyridine stretching bands at 993 and 1597 cm -1 are split into double peaks. Because part of IR absorption remains at the wavenumbers corresponding to pristine P4VP, it can be concluded that complete complexation is not achieved. This is in contrast with alkylphenol complexes with P4VP, where no absorption at the original wavenumber can be resolved. Figure 6b shows that for the hexadecanoic acid complex the intensities of shifted peaks become smaller and eventually for nonadecanoic acid complex the absorption is the same as pure P4VP. This is in agreement with visual inspection which suggests that hexadecanoic and nonadecanoic acids macroscopically phase separate from P4VP. However, the macro phase separation is due to crystallization since all systems appear homogeneous one phase in the melt at 100°C. Figure 7 shows the WAXS data of the pure carboxylic acids and their 1:1 mol complexes with P4VP at room temperature. All curves show a clear peak at the same position, indicating that crystallization has occurred. In the inset to this figure, the SAXS data for P4VP(HDA) 1 .0 and pure HDA taken at room tem- perature are presented. Although the results are very similar, as expected on the basis of the FTIR results, the peak of P4VP(HDA) 1.0 does become rather asymmetric due to the presence of P4VP. Figure 8 shows the SAXS curves of the three different systems taken in the melt, i.e., above the crystallization temperatures of the surfactants involved. In all cases a clear maximum is observed. However, because birefringence could be induced in none of these systems, we conclude tentatively that the peaks correspond to the characteristic block copolymer-like concentration fluctuations in an otherwise homogeneous system. This conclusion is corroborated by our experience with P4VP-PDP and P4VP-LG. In both these systems birefringence is present in the melt at not too high temperatures. Moreover, as mentioned before, we have found very recently with time-resolved SAXS that P4VP(PDP) 1.0 undergoes an order-disorder transition around 60°C, 27 which roughly corresponds to the temperatures required for the melt state, at least for HDA and NDA. The wavelength that corresponds to the peak positions is 30.6, 35.5, 39.5 Å for dodecanoic acid, hexadecanoic acid, and nonadecanoic acid, respectively. The increase in wavelength as a function of the alkyl length is in good agreement with random phase approximation calculations for comb polymers. 36 In conclusion, we see that alkyl carboxylic acids have sufficiently strong hydrogen-bonding ability to P4VP to induce comblike structures that are "permanent" on the time scale of the relaxation time of the characteristic concentration fluctuations. However, the repulsive polar-nonpolar interaction seems to be too small to actually form mesomorphic structures. These systems therefore classify as regime II surfactants.
Aliphatic Alcohols: Alkyl Alcohol Surfactants. Pure OH groups are essentially nonacidic with pK a )15-17. Three aliphatic alcohols with different alkyl chain lengths were used: dodecanol (C 12 H 25 OH), hexadecanol (C 16 H 33 OH), and docosanol (C 22 H 45 OH). Their complexes with P4VP were prepared with molar ratios 1:1. Due to observed phase separation during DMF evaporation, all complexes were reproduced from both ethanol and chloroform. Figure 9a ,b shows that for dodecanol complex the pyridine stretching bands of 993 and 1597 cm -1 are split into two peaks, a large portion of absorption being at the unshifted wavenumber. This observation shows that a large fraction of the pyridine rings are uncomplexed due to insufficient hydrogenbonding strength. When the length of the alkyl chain is increased, macroscopic liquid-liquid phase separation takes place, as shown for hexadecanol and docosanol based on visual examination. P4VP was miscible with dodecanol, but, as shown in Figure 8 , a SAXS peak was no longer observed. Hence, dodecanol falls in regime III, whereas the longer ones classify as IV.
The hydrogen bonding of the aliphatic alcohols to the pyridine nitrogens is marginal. It can easily be understood because hydrogen bonding is an acid/base interaction which is small in this case due to the small acidity of the aliphatic alcohol group. Therefore, very shortchain alcohols, such as methanol and ethanol up to dodecanol, yield solubility of P4VP and surfactants with longer alkyl chains give rise to liquid-liquid phase separation.
Aliphatic Amines: Alkylamine Surfactants. Dodecylamine (C 12 H 25 NH 2 ) and hexadecylamine (C 16 H 33 -NH 2 ) were selected as representative surfactants from this group. Complexes between P4VP and aliphatic amines were prepared from both DMF and ethanol. In all cases the samples were macrophase separated in the melt. This indicated that the amine groups do not interact strongly enough with pyridine to yield miscibility.
Concluding Remarks
In this work the critical polymer/surfactant interaction strength to achieve mesomorphic structures based on flexible polymers and alkyl-containing surfactants is studied experimentally. Poly(4-vinylpyridine) was selected as the polymeric model system. Surfactants with different hydrogen-bonding donor moieties were used. SAXS combined with optical microscopy confirmed that phenolic surfactants, such as 1-dodecyl 3,4,5-trihydroxybenzoate and the previously investigated pentadecylphenol, yield mesomorphic structures. Hence, they form sufficiently strong hydrogen bonds in combination with sufficiently strong polar-nonpolar repulsions. FTIR results show that the characteristic 993 cm -1 stretching band of pyridine ring is completely shifted to 1008-1010 cm -1 , indicating essentially full complexation. Carboxylic acids behave differently, most likely due to the competing strong hydrogen-bonding interactions between these acids. FTIR shows that for P4VP complexed with dodecanoic acid, the 993 cm -1 band splits into two peaks, indicating that full complexation is not achieved. SAXS and WAXS data also support this conclusion. All three P4VP-alkyl carboxylic acid complexes show a distinct SAXS peak in the melt. Because birefringence is not observed, it is attributed to characteristic concentration fluctuations in an otherwise homogeneous state. This indicates that although the hydrogen bonding is strong enough, the polar-nonpolar repulsion is insufficient (note that P4VP-PDP is also already homogeneous above 60°C). Alternatively, the complexation is far from complete, due to the competing intermolecular hydrogen bonding between the carboxylic acid molecules.
Aliphatic alcohols with moderate chain length, such as dodecanol, yield some hydrogen bonding, manifested by the splitting of the 993 cm -1 FTIR band. However, no SAXS peak is observed in the melt. Longer aliphatic alcohols, such as hexadecanol and docosanol, give rise to liquid-liquid phase separation.
The phase behavior with respect to P4VP of the various surfactants studied can most conveniently be summarized according to the classification scheme given in section 3.1:
Alkylphenol surfactants: I, T < T ODT ; II, T > T ODT Alkyl carboxyl acid surfactants: II Alkyl alcohol surfactants: III, n j 12; IV, n J 16 Alkylamine surfactants: IV So far we have barely scratched the surface of these intriguing polymer-surfactant systems. Of the ones studied, the alkylphenol surfactants are most interesting with respect to the observation of order-disorder transitions and the resulting morphology. Although only lamellar structures have been observed so far by us (i.e., P4VP-PDP), various other structures should in principle also be possible. The unexpected behavior of the multifunctional LG surfactant suggests a different line of research involving mesomorphic structures and physical cross-linking. All these systems have one interesting element in common: a competition between the characteristic relaxation times. Here, theoretical developments are called for, and we hope to be able to address this in a future publication.
